Four experimental formulations of the microbial insecticide Bacillus thuringiensis var. israelensis (serotype H-14) were evaluated in the field against larvae of the floodwater mosquitoes Aedes nigromaculis and Psorophora columbiae with ground and aerial application methods. The formulations included ABG-6108D (Abbott Laboratories, North Chicago, Ill.), a wettable powder containing about 400 IU/mg, Sandoz 402-WDC (Sandoz, Inc., Homestead, Fla.), a flowable concentrate containing 600 IU/mg, and two wettable powder formulations of Bactimos (Biochem Products, Montchanin, Del.), one with 3,000 IU/mg and the other with 6,000 IU/mg. Trials against both species indicated they were similar in susceptibility to B. thuringiensis var. israelensis (serotype H-14), and that by using ground application methods, populations of second and third instars could be reduced by 83 to 100% with ABG-6108 and Sandoz 402-WDC at 0.56 to 1.12 kg/ ha and with Bactimos (6,000 IU/mg) at 0.44 kg/ha. When applied aerially, approximately two to three times the ground rates had to be used to obtain similar population reductions. Fourth instars were difficult to control, requiring approximately 1.5 to 2 times the rates required for the earlier instars to obtain 80 to 100% reductions. However, these rates were not sufficient to obtain adequate control if larvae were late fourth instars.
The discovery that certain strains of Bacillus thuringiensis produce an insecticidal glycoprotein that acts as stomach poison for larvae of the order Lepidoptera has led to the development of commercial preparations of this bacterium for use as microbial insecticides (1, 9). The selectivity of B. thuringiensis and relative ease and moderate cost of producing formulations of it has encouraged many investigators to seek strains toxic to mosquito larvae. Yet of hundreds of isolates of the thirteen serotypes known by 1977 , none has had sufficient toxicity to justify commercial development (8, 12, 13, 16) . Recently, however, Goldberg and Margalit (7) have isolated a strain of B. thuringiensis from a polluted pond in the Negev desert of Israel and demonstrated that it was highly toxic to five species of mosquitoes. This isolate was subsequently shown to be a new serotype (2) and has been designated B. thuringiensis variety israelensis (serotype H-14). Several laboratory and preliminary field studies (3-8, 10, 11, 14, 15, 17; A. Ali and R. 0. Baggs, J. Econ. Entomol., in press; M.S.M., B.A.F., and H.A.D., Environ. Entomol., in press) of B. thuringiensis israelensis (BTI) against a variety of aedine and culicine mosquitoes have reported promising results with formulations of this microbial control agent.
Encouraging results obtained in our preliminary studies (6; M.S.M., B.A.F., and H.A.D., in press) and the availability of experimental and commercial formulations prompted us to undertake large-scale field trials using ground and aerial methods of application against larvae of two important species of floodwater mosquitoes in California, Aedes nigromaculis Ludlow and Psorophora columbiae Dyar and Knab. This paper reports the results of these studies, which demonstrate that depending on the species and breeding conditions, the experimental formulations are efficacious at rates ranging from 0.1 and 2 kg/ha.
MATERIALS AND METHODS
The BTI (H-14) formulations evaluated were as follows: (i and ii) Bactimos (Biochem Products, Montchanin, Del.), two wettable powder formulations (3,000 or 6,000 IU/mg) consisting of 50% primary powder and 50%o inert ingredients; (iii) Sandoz 402-WDC (Sandoz, Inc., Homestead, Fla.), a water dispersible concentrate (600 IU/mg); and (iv) ABG-6108D (Abbott Laboratories, North Chicago, Ill.), a wettable powder (400 IU/mg).
The activity of each of the above formulations was determined by comparing them in laboratory bioassays by using our previous procedures (M.S.M., H.A.D., and B.A.F., in press) to the international on July 1, 2017 by guest http://aem.asm.org/ Downloaded from standard, IPS-78 (provided by H. DeBaxjac, Institute Pasteur, Paris), which has an arbitrarily defined activity of 1,000 IU/mg. Third instars of A. aegypti were used for the bioassays.
Trials were conducted in irrigated pastures in two different geographical regions of California: the Palo Verde Valley in eastern Riverside and Imperial counties and in Tulare County in the San Joaquin Valley. The test mosquitoes in the Palo Verde Valley were P. columbiae, whereas in Tulare County they were A. nigromaculis. In their respective areas, these species breed almost as monocultures in the pasture habitats used in these studies. The former species is susceptible to most chemical larvicides, whereas the latter is resistant to most.
Ground applications. Ground applications were made in 500-to 620-m2 plots in recently irrigated pastures. Approximate effective rates of application for each formulation were determined in preliminary field trials not reported here. The formulations were then tested at rates ranging from 0.1 to 2.2 kg/ha, with the rates tested for each formulation being based on approximate effective rates determined previously. Each test rate was replicated three times. The test plots contained various instars of either P. columbiae or A. nigromaculis. Control plots were not treated.
For application, the formulations were transported to the field in an ice chest and kept cool until use. The appropriate amount of each test formulation was weighed and thoroughly mixed in 500 ml of tap water with a Waring blender 1 h before use. At the test site, the 500-ml stock suspension was further mixed with either 500 or 1,500 ml of water, depending on plot size, and applied with a 4-liter pressurized stainless steel sprayer. The entire plot was covered in four swaths, with applications of 30 liters of the suspension per ha.
Aerial applications. For aerial tests, the plots varied in size from 2.25 to 7 ha in the Palo Verde Valley and from 2.5 to 6 ha in Tulare County. The test materials were diluted in 40 to 80 liters of water, and aircrafts with 30 nozzles (Spraying System 8-6002) were calibrated to deliver 8 liters/ha. In low-rate applications, a single swath 20 m wide was made. The higher rates were achieved by applications of two overlapping swaths, which thereby doubled the volume and application rate of the active ingredient. Two flagpersons, one at each end of the plot, were used to ensure precision of the swath.
Sampling procedures and determination of efficacy.
In the ground trials, larval densities were determined from 20 samples taken per plot with a standard mosquito larval dipper (400 ml) 1 to 2 h before and 24 h after treatment. The number of larvae collected at each sampling time were added and averaged to determine the average density per dip before and after treatment. The percent population reduction was calculated from the mean larval and pupal density per dip at posttreatment versus pretreatment times. Surviving pupae in the posttreatment counts were tabulated as surviving fourth instars.
For aerial applications, six sampling sites were established in each plot before treatment, three in open water where the water averaged 3 to 6 cm in depth and three in the ditched areas along the plot borders where the vegetation was dense and the water depth averaged 6 to 12 cm. Ten dips were taken at each site before and 24 h after treatment. Larval densities and percent reduction were determined as described above. The trials were conducted during July through September in 1979 and 1980. Table 1 . The Sandoz 402 formulation produced excellent control (>90%) of second and third instars at rates as low as 0.12 and 0.28 kg/ha, but rates as high as 0.56 and 1.12 kg/ha were required to obtain similar levels of control of fourth instars, and these rates were not always effective. Furthermore, late fourth instars were not satisfactorily controlled at any of the rates tested.
RESULTS
The ABG-6108D formulation at rates of 0.28, 0.56, and 1.12 kg/ha against second and third instars resulted in excellent reductions of larval populations (91 to 99%); although against fourth instars, population reductions at these rates were only moderate (73%), and late fourth instars were not controlled even at the high rate of 1.12 kg/ha.
(ii) Aerial applications. The ground trials against P. columbiae indicated second and third instars were more susceptible than were fourth instars to the different BTI formulations. As a result of this and the rapid rate at which larvae of this species develop, the aerial applications were only made against second instars. The results of these trials are shown in Table 1 Table 2 . The first application of the Bactimos formulation with a potency of 6,000 IU/mg failed to control third and fourth instars at rates of 0.22 and 0.44 kg/ha. However, increasing the rates to 1.12 and 2.24 kg/ha resulted in 97 to 100% reductions of larval populations composed of first through third instars and an 82% reduction in a larval population consisting primarily offourth instars when the higher rate was used.
The Sandoz 402 formulation applied at rates of 1.12 and 2.24 kg/ha against late fourth instars 
DISCUSSION
Although the formulations used in this study varied in efficacy in terms of significant population reduction, two general trends were evident in the data for all formulations; (i) there was an inverse relationship between age of larvae and efficiency of the formulations; (ii) aerial applications typically required at least twice as much material for the same level of control as ground applications (Tables 1 and 2 ). The first trend has been observed by other workers in both laboratory and field studies (10; M.S.M., H.A.D., and B.A.F., in press) and most likely results because more toxin is required to kill larvae as they advance in development. Furthermore, because VOL. 43, 1982 on July 1, 2017 by guest http://aem.asm.org/ Downloaded from BTI is a stomach poison and must be ingested to be effective, any decrease in feeding rate, such as that which occurs normally during the prepupal period of the fourth instar, results in decreased efficacy. Thus, the moderate levels of control obtained with the Sandoz 402 formulation (77% reduction) and ABG-6108D (57% reduction) at 2.24 kg/ha (Table 2) applied aerially against late fourth instars of A. nigromaculis may be partially due to the physiological state of the larvae and therefore may not accurately reflect the efficacy of these formulations. The same can also be said for the ground application of the ABG-6108D formulation against late fourth instars of P. columbiae, in which only a 38% reduction was obtained at a rate of 1.12 kg/ ha (Table 1) . In regard to the second trend, the higher rates required for effective aerial application are most likely due to drift and not to lack of good penetration because in most aerial applications the vegetative cover was low and sparse. The development of granular formulations should improve the efficacy of BTI in such habitats.
Another important observation made during this study was that larval density had a significant effect on the efficacy of BTI formulations in the field. In habitats where larval populations were extremely dense (50 to 100 larvae per dip), the level of control with a given rate of application was lower than in a similar habitat with lower larval densities (5 to 20 larvae per dip). This relationship has been noted in other studies and most likely is due to lower rates of toxin consumption per larva in populations of high density in comparison with those where densities are low.
In this study, both P. columbiae and A. nigromaculis showed similar levels of susceptibility, with second and third instars being more susceptible than fourth instars, whether the formulations were being applied by ground or aerially. With both ABG-6108D and Sandoz-402, second and third instars could usually be controlled at rates of 1.12 kg/ha by ground, with approximately twice this rate being required for similar levels of control when applied aerially. However, at similar rates of application, ABG-6108D was somewhat less effective than Sandoz 402 (Tables  1 and 2) . The most efficacious material tested was the 6,000-IU/mg formulation of Bactimos which required less than half the rate of ABG-6108D or Sandoz 402 to achieve similar levels of control (Tables 1 and 2 ). Except for one trial of this material in which it was totally ineffective, almost complete reductions of second and third instars of both species could be obtained at rates of 0.44 kg/ha when applied from the ground and 1.12 kg/ha when applied aerially. These results and variations in reductions obtained when the APPL. ENVIRON. MICROBIOL.
formulations were applied against fourth instars indicate that populations should be treated before this instar is reached. However, in cases where the water in typical habitats of these species (e.g., irrigated pastures) is rapidly decreasing because of percolation and evaporation, it may be more economical to treat smaller bodies of water containing early fourth instars at higher rates rather than larger areas containing second and third instars. More extensive trials will determine which of these approaches is the most economical.
One of the more interesting results obtained in this study was that the potency of the formulations ascertained in the laboratory was not directly proportional to the field efficacy. For example, in aerial applications of the three formulations against larvae of P. columbiae, an 80% reduction was obtained with Bactimos at 0.44 kg/ha, a 74% reduction with Sandoz 402 at 1.12 kg/ha, and a 68% reduction with ABG-6108D at the same rate (Table 1) . However, the respective potencies of these materials were 6,000, 600 and 400 IU/mg, indicating that the Sandoz 402 and ABG-6108D formulations were the most efficacious in terms of total international units applied per unit area. Thus, it appears that formulation of the BTI technical material has a significant effect on its efficacy.
Another observation of potential importance is that the populations of A. nigromaculis treated in this study occurred in areas where this species is known to be highly resistant to organophosphate insecticides (18) . Thus, organophosphate-resistant populations of A. nigromaculis and most likely other species of mosquitoes are susceptible to BTI.
(Note: After completion of these trials, three of the above-mentioned experimental formulations received federal registration from the Environmental Protection Agency. 
